ions in the ground state are responsible for the spectral diffusion that was observed for the optical transition. These results collectively give a better understanding of both the nature of disorder and of the ion-ion interactions in doped materials, and they also enable the high bandwidths required for signal processing and memory applications at 1.5 m based on spectral hole burning.
I. INTRODUCTION
One of the most challenging frontiers of optical materials research is the nature of disorder and its effect on optical properties. Disorder in optical materials spans a wide range from glasses to nearly perfect single crystals, with both dynamic and static disorders producing distinct effects on the optical properties. One of the emerging goals in the study of disorder in rare-earth-activated materials is to understand how controlled disorder may be introduced into nearly perfect crystals to enhance desirable material properties without producing negative consequences for other properties. Single crystals of Y 2 SiO 5 doped with very low concentrations of rare-earth impurities are particularly well suited for this type of study. Previous work on Eu 3+ -doped Y 2 SiO 5 demonstrated how absorption spectroscopy combined with optical coherence measurements on rare-earth probe ions can detect and distinguish weak static and dynamic disorders in the host lattice. 1 In this paper, we examine the effects of disorder on the properties of paramagnetic Er 3+ ions in the Y 2 SiO 5 host. The exceptionally narrow Er 3+ :Y 2 SiO 5 absorption linewidths of less than 500 MHz ͑or 0.02 cm −1 ͒ and long coherence times greater than 4 ms, which correspond to a homogeneous linewidth of 73 Hz, provide particularly sensitive probes of static and dynamical aspects of the crystalline environment. The introduction of disorder through impurity doping to produce controlled modifications of the Er 3+ linewidth demonstrates a level of material engineering that allows selective manipulation of properties desirable for device applications such as spatial-spectral holography ͑SSH͒.
The optical material Er
3+ :Y 2 SiO 5 is especially attractive for spectral hole burning ͑SHB͒ and SSH device applications, because it has resonant transitions with long fluorescence lifetimes and large oscillator strengths in the important 1.5 m optical communications band, 2 and because it has narrow homogeneous linewidths and correspondingly long coherence lifetimes. The observed 73 Hz ͑Refs. 3 and 4͒ linewidth is one of the narrowest homogeneous optical transitions yet reported in a solid. Numerous proof-of-principle SSH/SHB demonstrations have been carried out in Er 3+ :Y 2 SiO 5 , which are motivated by the desire to enable all-optical memory, switching, and processing, [5] [6] [7] [8] and, more recently, quantum computing applications. This material has also been exploited as a laser frequency reference providing subkilohertz laser frequency stability, which is required for some of the aforementioned applications. 4, [9] [10] [11] Among the important material parameters for SSH/SHB applications are the homogeneous linewidth ⌫ h , which determines or limits the potential frequency resolution, the inhomogeneous linewidth ⌫ inh , which determines the signal processing bandwidth, and the ratio ⌫ inh / ⌫ h , which specifies the achievable time-bandwidth product. Previously, highbandwidth applications were predominantly carried out in 0.1% 15 and held in an Oxford SpectroMag cryostat. Extreme care was taken in crystal alignments as well as in monitoring of the temperature and magnetic field strength. Slight crystal misalignments of less than 1°can cause a measurable effect on the coherence properties and lead to some variation in the results between the samples.
The laser source was a home-made Littman-Metcalf external cavity diode laser with a continuous mode-hop-free tuning range of ϳ40 GHz. Absorption experiments were carried out at T = 5 K by using a collimated laser beam with a waist radius w 0 of 0.8 mm and an optical power of ϳ5 W at the sample. The laser beam propagated parallel to the b axis of the crystal, and the electric field vector E of the light was chosen to be parallel to either the D 1 or D 2 extinction axis of the crystal. The laser-absorption spectra were measured by tuning the laser with a chirp rate of ϳ1 MHz/ s and detecting the transmission through the crystal with a 125 MHz InGaAs photodiode. Reference transmission spectra without the crystal were measured to correct the absorption data for laser intensity variations and interference fringes. The transmission spectrum of a fiber Fabry-Pérot interferometer with a 49.5 MHz free spectral range was simultaneously recorded with every laser-absorption spectrum to provide a convenient comb of frequency markers over the entire scan to allow for a precise calibration of the frequency scale and to correct for any small nonlinearities in the laser scan. 16 The absolute frequencies of the 0.02% Er 3+ :Y 2 SiO 5 absorption lines were determined by using a Burleigh WA-1500 wave meter that was calibrated to an absolute accuracy of better than Ϯ50 MHz using a NIST traceable H 13 C 14 N gas cell with a pressure of 10 Torr. 17 spectrum. Stimulated photon echo spectroscopy was used to study the influence of the Eu 3+ impurity ion on the dynamic properties of the Er 3+ optical center by measuring the decoherence of the Er 3+ ions. The echo measurements were concentrated on site 1 and were carried out as a function of magnetic field at T = 1.6 K. For these measurements, the crystals were aligned with E ʈ D 2 , B ʈ D 1 , and k ʈ b, and the experimental details followed those described in Ref. 18 . Stimulated photon echo decays were recorded as a function of the separation t 12 between the first and second pulses, with the waiting time T W between the second and third pulses varied for each decay.
III. LASER-ABSORPTION SPECTROSCOPY
Typical laser-absorption spectra for crystals of each composition are shown in Fig. 1͑a͒ for site 1 with the strongest absorption occurring for E ʈ D 2 , and in Fig. 1͑b͒ transitions by doping with other impurity ions are required to unambiguously determine the nature of the interaction mechanism.
All absorption lines were observed to be well described by Lorentzian line shapes, as expected. 19 A weak structure was observed in the tails of the 0.02% Er 3+ :Y 2 SiO 5 spectra due to partially resolved hyperfine transitions 22 
IV. STIMULATED PHOTON ECHO SPECTROSCOPY
While studying absorption spectra provides an accurate picture of the total effect of disorder on the impurity ion, more advanced nonlinear methods are required to distinguish between the effects of dynamic and static disorders. To determine if the Eu 3+ impurity doping resulted in any dynamic disorder through localized structural fluctuations ͑two-level systems͒ or modulated ion-ion interactions, the optical dephasing of the Er 3+ ion was probed over a wide range of time scales by using stimulated photon echo spectroscopy. The evolution of the linewidth with time provided by these measurements also led to insight into the microscopic Er 3+ electron spin dynamics by measuring the effect of spectral diffusion on the homogeneous linewidth and isolating the different contributions to dephasing and ion-ion interactions. 18 
where ⌫ h is the linewidth in the absence of spectral diffusion, ⌫ SD is the FWHM of the dynamic distribution of transition frequencies due to spectral diffusion ͑SD͒, and R is the characteristic rate of the spectral diffusion process. The field dependence of the spectral diffusion linewidth ⌫ SD ͑B͒ was described by Er 3+ -Er 3+ magnetic dipole interactions between site 1 Er 3+ ions and is given by
where ⌫ max is the FWHM of the frequency broadening in the high temperature or low field limit, g env describes the g factor of the perturbing magnetic moments that are randomly distributed throughout the crystal lattice, B is the Bohr magneton, and k is the Boltzmann constant. For the B ʈ D 1 direction, site 2 has a much larger ground state energy level splitting compared to site 1 and, hence, site 2 spin flips do not contribute to spectral diffusion for the magnetic fields and temperature studied in this work. 2 The field dependence of the spectral diffusion rate R was best described by the onephonon direct process for spin-lattice relaxation involving absorption or emission of a single phonon resonant with the perturbing moment's spin-flip transition and is given by
where ␣ D is a generally anisotropic constant characterizing the strength of the phonon coupling and R 0 describes fieldindependent contributions to the spectral diffusion rate. Results of the stimulated echo analysis are shown in Fig. 2 SiO 5 , where the evolution of the effective linewidth is mapped as a function of T W for a range of magnetic fields from 0.8 up to 3.1 T at 1.6 K. Solid lines in the figure are least-squares fits to the data using Eq. ͑1͒, with fitting parameters plotted in Fig. 3 and listed in Table II; note that ⌫ h was averaged over all measured fields. Spectral diffusion was found in the broadening of the linewidth as T W was increased; a plateau was observed after several hundred microseconds, where the contribution of spectral diffusion to the linewidth reached its full effect. Larger magnetic fields dramatically suppressed linewidth broadening due to an increase in magnetic order, which demonstrates how the magnetic field strength may be chosen to reduce the linewidth to a particular level required in a device application. The data of Fig. 2 confirm that codoping with Eu 3+ ions did not affect the coherence properties of the Er 3+ ions, as saturation levels were attained for all samples at identical fields and waiting times. The only noticeable difference between the samples was a slight increase in linewidth at the longest time scales and largest magnetic fields measured for the sample doped with 2% Eu 3+ . While this behavior may be an artifact due to the difficulty of measuring echo decays at the longest time scales studied due to laser frequency drift and weaker echo intensities, this effect could also indicate a small increase in 89 Y nuclear spin-flip rates with increased Eu 3+ impurity concentration. This type of very slow spectral diffusion due to 89 same behavior. For lower fields where the maximum spectral diffusion broadening was not reached, estimates for R were obtained by using the experimental values of ⌫ max and Eq. ͑2͒ to estimate ⌫ SD , which allow R to be determined from fitting the data to Eq. ͑1͒ with ⌫ SD held fixed at its extrapolated value. Values of R estimated by using this approach are indicated by solid symbols in Fig. 3͑b͒ . Furthermore, for cases where the spectral diffusion was completely suppressed at high fields, no R values can be extracted.
Lines in Fig. 3 are least-squares fits to the magnetic-fielddependent saturated linewidth ⌫ max ͑B͒ and rate R͑B͒ using Eqs. ͑2͒ and ͑3͒, respectively. Both fits gave excellent agreement for all three crystals, with fitting parameters summarized in Table II . Small deviations between the individual crystals can be attributed to slight crystal misalignments. It should be noted that the measured ground state g value of g = 5.5 for site 1 with B ʈ D 1 was used for g env , 25 which clearly indicates that the spectral diffusion was dominated by spin flips of environmental Er 3+ ions occupying site 1. The value of g = 5.5 used in this work is more accurate than the value of 6.1 used in previous work, 3, 18 but the small difference in values does not have a significant effect on the fit. Spin flips of Er 3+ ions at site 2 were "frozen out" due to the much larger ground state energy level splitting for the B ʈ D 1 direction. 2 As expected, spectral diffusion was dramatically suppressed for larger magnetic fields, and the functional dependence of the rapidly increasing rate R with field unambiguously identified the direct-process phonon relaxation as the physical mechanism driving the spectral diffusion dynamics.
In some other material systems that we have studied, e.g., Tm-doped garnets with mixed Y and Lu host composition ͑which also involves no charge compensation͒, a similar increase in ⌫ inh was also observed without increasing ⌫ hom . 8 Many other cases are known, however, where the disorder that creates additional inhomogeneous broadening is accompanied by a departure from stoichiometry and dynamic disorder modes that cause an increased homogeneous broadening. Such ions have been characterized with laser absorption and stimulated photon echo spectroscopy. It was demonstrated that the signal processing bandwidth of the material can be dramatically extended from ϳ0.3 GHz up to several tens of gigahertz and perhaps more, making the material suitable for high-bandwidth SSH/SHB applications in the 1.5 m communication band where devices can be particularly important and where inexpensive electro-optic components and fiber amplifiers reduce costs. The extensive stimulated photon echo data demonstrated that, while static transition frequencies were randomly shifted, producing the broadened absorption and, consequently, broader bandwidth for applications, the dynamical properties and spectral resolution of the Er 3+ optical center were not affected by codoping with Eu 3+ ions. The observed spectral diffusion was accurately described and predicted by spin flips of Er 3+ ions at crystallographic site 1, which was driven by the direct-phonon process. This insight, coupled with detailed model projections, can now guide material design and selection of operating conditions that enhance the capabilities of SSH and SHB optical technologies and give a better understanding of both the nature of disorder and the ion-ion interactions in doped materials. Solid symbols in ͑b͒ were estimated as described in the text. The lines are least-squares fits using Eqs. ͑2͒ and ͑3͒, respectively, with the parameters summarized in Table II. 
